Silver(I) nitrate complexes of six isomeric bis(2-pyridyloxy)naphthalenes, differing only in the substitution pattern within the central naphthalene unit, have been shown to have an unexpected assortment of supramolecular architectures, including dimetallocyclophanes, linear coordination polymers and a single-stranded helicate.
Introduction
For some years we have been involved in the synthesis and study of an extensive library of bridging ligands characterised by the schematic representation 1. 1, 2 These are comprised of a central arene core to which are appended a number (n) of heterocyclic rings attached via spacer groups (X). Variation of the arene core, the spacer group, the nature of the heterocycle and the number n has led to an extensive array of compounds that we have used for the construction of a diverse range of 1-, 2-and 3-D metallosupramolecular assemblies with various topological architectures. For example, several years ago we reported that reaction of silver(I) nitrate with 1,4-bis(2-pyridyloxy)benzene, which has a benzene core, an ether oxygen as spacer and (n = 2) 2-substituted pyridines as the appended heterocycles, led to the dimetallocyclophane 2, the structure of which is stabilised by intimate internal π-π stacking of the central benzene rings. 3 The related 1,3-disubstituted ligand (3) led to a topologically similar assembly 4 and several other disilver metallocyclophanes with similar π-π stacking interactions have since been reported. 5 In order to extend the distance between the two silver centres, we decided to replace the central benzene ring in 2 with a naphthalene unit and recently reported the syntheses of the isomeric bis(2-pyridyloxy)naphthalenes required for this purpose. 6 We now report that reactions of these isomers with silver(I) nitrate leads to more complex behaviour, wherein the structure of the species produced shows a remarkable dependence on the specific substitution pattern in the naphthalene core of the ligand.
Results and Discussion
Whereas disubstitution of a benzene ring allows only three (o-, m-and p-) isomeric possibilities, a naphthalene unit has ten possible disubstitution patterns. Of these, six have the two substituents symmetrically related, whilst the other four isomers are unsymmetrical. In our experience symmetrical isomers are preferable for use as bridging synthons in metallosupramolecular chemistry, as they avoid the possibility of isomer formation in the self-assembly process. 1 For this reason, the complexes of the symmetrical isomers will be discussed first. All complexes were prepared by reaction of silver(I) nitrate with one equivalent of the ligand in methanol solution. Isolated yields were in the range 57-89%.
Symmetrical isomers
Of the six possible symmetrical bis(2-pyridyloxy)naphthalene isomers, the 1,8-isomer proved synthetically inaccessible and the 1,4-isomer was peculiarly insoluble in all common solvents. 6 We have previously reported that the 2,7-isomer produces an unusual M 2 L 4 molecular box. 7 We now report the results of reactions of the three other symmetrical isomers. Reaction of the 2,6-isomer gave a product 5 in good yield that was shown by elemental analysis to have 1:1 metal:ligand stoichiometry. This could correspond to either a discrete cyclic structure or a linear polymer. Crystals of this complex were not stable and decomposed, even in the mother liquor, within a few days. However, it was possible to perform a single-crystal X-ray structure determination on a freshly prepared sample. While the crystals proved to be twinned, a data set corresponding to a monoclinic setting was abstracted from the larger pool of data and provided a clear solution and reasonably satisfactory refinement. The complex crystallises in the space group P2 1 /c and is a M 2 L 2 dimetallomacrocycle. Two bridging ligands and two silver nitrates combine to form a [2+2] macrocycle, which, with a methanol solvate molecule, constitutes the asymmetric unit, Fig. 1 . Each silver atom is coordinated to two pyridine nitrogens, and one silver atom is additionally coordinated to a nitrate oxygen which has occupancy of 0.55. This nitrate is disordered over two sites with the second site being considered non-coordinating and having an occupancy of 0.45. All four silver-pyridine bond lengths are similar and are within the expected range for such compounds. 8 The deviation from linearity of the N-Ag-N angles is in response to the presence of the nearby nitrate anions. 9 The pyridine rings containing N21 and N61 are inclined to their connecting naphthalene at angles of 101.5(6) and 89.9(6) º, respectively, while the pyridines containing N21' and N61' are inclined to their connecting naphthalene at angles of 106.8(6) and 102.2(6) º, respectively, thereby precluding the possibility of higher crystallographic symmetry. A feature of the structure is the π-π stacking of the naphthalene cores, which are nearly parallel, being inclined to each other at 1.5(6) º, and separated by 3.45(1) Å. The naphthalenes are slightly offset, so that two bonds of one naphthalene sit over the centroids of the rings of the other naphthalene unit. The silver-silver separation in the earlier complex (2) Numerous unsuccessfully attempts were made to prepare a silver nitrate complex of the 2,3-isomer. The complex (6) was eventually obtained as a white microcrystalline solid by vapour diffusion of diethyl ether into a concentrated methanol solution containing the ligand and silver nitrate. The complex was found, by elemental analysis, to have an intriguing M 3 L 2 composition. The reaction was repeated using the appropriate stoichiometry and 6 was obtained in 57% yield. However all attempts to grow crystals suitable for X-ray structure determination failed and the exact nature of this potentially interesting complex remains unknown. (5), Ag1-N61' 2.230(6), Ag1-O11A 2.559(9), Ag2-N61 2.224(6), Ag2-N21' 2.238 (6)
Reaction of the 1,5-isomer furnished the silver complex (7) as a pale brown solid in 77% yield. Slow evaporation of an acetonitrile solution of 7 gave colourless crystals that analyse as having a 1:1 metal:ligand ratio. Again this stoichiometry is consistent with a [2+2] macrocycle or with a metallopolymer and therefore an X-ray crystal structure determination was carried out.
This complex also crystallises in the centrosymmetric space group P2 1 /c and is a one-dimensional zig-zag metallopolymer. The asymmetric unit contains two half-molecules of the bridging ligand, each of which lies on a centre of inversion, and one silver nitrate moiety. The asymmetric unit and connected atoms are labelled and shown as part of the polymeric chain in Fig. 2 . The silver atom is coordinated to two pyridine nitrogens and a monodentate nitrate ion. The silver-donor bond lengths are within the expected range for compounds of this type. 8 The geometry at silver is best described as distorted T-shaped. The polymer chain propagates along the crystallographic a axis with silver-silver separations of 11.366(2) and 11.528(2) Å for two silvers bridged by ligands (Ag1···Ag1A, Ag1···Ag1B) and 8.930(2) Å for two silvers along the edge of the polymer (Ag1A···Ag1B), this being the a cell dimension. Although the naphthalene units are not π-π stacked [being inclined at an angle of 26. 6(6) o and separated by 4.47(1) Å], the pyridine rings are involved in such interactions. The first of these interactions is a weak intra-chain interaction with a pyridine-pyridine separation of 3.85(1) Å. A much stronger inter-chain interaction exists between two pyridine rings of adjacent chains related by a centre of inversion, so that they are necessarily parallel and have a separation of only 3.31(1) Å.
Thus the two isomeric (2,6-and 1,5-) symmetrical isomers produce different supramolecular assemblies, a metallomacrocycle and a zig-zag coordination polymer, respectively. Silver coordination polymers have been the subject of much recent attention. 
Unsymmetrical isomers
Of the four unsymmetrical bis(2-pyridyloxy)naphthalenes, we were unable to synthesise the 1,2-isomer. 6 The three other isomers all produced silver nitrate complexes in good yields. The reaction of 1,3-bis(2-pyridyloxy)naphthalene with silver(I) nitrate provided a complex 8 that was shown by elemental analysis to have a 1:1 metal:ligand ratio, consistent with either a M 2 L 2 metallocycle or a linear coordination polymer. Unfortunately all crystals of this complex proved to be both twinned and disordered. This is perhaps not surprising given that a metallocyclophane derived from an unsymmetrical ligand of this type can exist as four possible isomers, depending on whether the bridging ligands are arranged in a head-to-head (HH) or head-to-tail fashion (HT) and whether the cofacial naphthalene units have a syn-or antiarrangement. These syn-HH, syn-HT, anti-HH and anti-HT isomers are shown below and have C s , C 2 , C 2 and C i symmetry, respectively.
Despite the twinning and disorder, a structure solution was obtained from a partial dataset but it did not refine to a level suitable for publication. Nevertheless, we were able to establish that the asymmetric unit contained two of the above dimetallocyclophanes and that one of these was the syn-HT isomer and the other appeared to be a disordered mixture of the two syn-isomers. This suggests that the syn-isomers are preferred over the anti-isomers, as we previously found 4 for the complex derived from ligand 3 which can also exist as syn-or anti-isomers. This is probably due to the existence of more extensive π-π stacking within these isomers. The presence of both HH and HT isomers reflects the very similar coordination environments of the two non-equivalent nitrogen donors in the ligand.
Reaction of 1,6-bis(2-pyridyloxy)naphthalene with silver(I) nitrate gave a complex (9) in high yield. Once again elemental analysis revealed a 1:1 metal:ligand stoichiometry and the structure was unambiguously established by X-ray crystallography. This complex crystallises in the centrosymmetric triclinic space group P-1 and is a onedimensional metallopolymer. Within the asymmetric unit there are two bridging ligands, two silver nitrates, a coordinated water molecule and 1.5 methanol solvate molecules. The labelled asymmetric unit and the adjacent unit of the polymer are shown in Fig. 3. 230 Fig. 3 Perspective view of the labelled asymmetric unit of 9 as part of the polymeric chain. Hydrogen atoms and solvate molecules are omitted for clarity. Selected bond lengths (Å) and angles (º): Ag1-N11 2.190(9), Ag1-N61' 2.172(7), Ag2-N11' 2.184(9), Ag2-N61A 2.137(9), Ag2-O30 2.518(10); N11-Ag1-N61' 160.0(3), N11'-Ag2-N61A 158.7(3), N11'-Ag1-O30 88.4(3), N61A-Ag2-O30 110.2(3). 
anti-HT
Each silver is coordinated to two pyridine nitrogens, with each of the pyridines being of a different nature. One pyridine is 1-substituted on the naphthalene unit while the other is 6-substituted. This requires remarkable molecular recognition by the silver during the assembly process, which involves a faithful head-to-tail alignment of the ligands such that the silver atom is able to distinguish the two pyridines, despite the fact that they differ only slightly in their structural environment. Ag2 is weakly coordinated to the water molecule and has distorted T-shaped geometry while Ag1 has a bent linear geometry. The silver-donor bond lengths are again normal for this type of compound. 8 The polymer chains propagate along the crystallographic a axis by way of a translation. This results in the Ag1···Ag1A (and Ag2···Ag2A) separation being 7.900(3)Å which is the a unit cell dimension, while the Ag1···Ag2 separation is 10.746(3)Å.
Once again π-π stacking plays an important role within the structure, but does not involve the naphthalene units. Instead the pyridine rings are involved in both intra-chain and interchain stacking interactions. Within the chain all pyridine rings stack with pyridine rings from the next ligand in the chain to which they are inclined at angles of 12.8(9) or 7.6(9) º and separated by distances of 3.53(1) or 3.62(1) Å.
The silver complex (10) of the 1,7-isomer was obtained, by diffusion of diethyl ether into the methanolic reaction mixture, as colourless crystals in 82% yield. It too showed a 1:1 metal:ligand ratio and was fully characterised by X-ray crystallography. It crystallises in the non-centrosymmetric orthorhombic space group Pna2 1 and is a one-dimensional single-stranded helicate. The asymmetric unit is shown in Fig. 4 and contains one bridging ligand and a silver nitrate with the nitrate anion disordered over two orientations. The silver atom is coordinated to two different types of pyridine, which again requires the silver atoms to recognise these differences during the assembly process. The helical chain propagates along the crystallographic c axis and the length of the repeat unit of the chain is the length of the c axis; therefore the silver-silver separation (Ag1···Ag1A) is 5.464(1) Å (the c cell dimension). Compared to the earlier structures, this much shorter distance spanned by the bridging ligand results from the compact conformation adopted by the ligand itself. This is possible due to the presence of the 2-substituted pyridine rings and the flexibility provided by the ether oxygen linker.
1 Such a twisted conformation is a necessary requirement for helicate formation. 12 Although each helical chain is chiral, adjacent chains are related by a glide plane and therefore have opposite chirality, as shown in Fig. 5 . Surprsingly, there are no π-π stacking interactions between any of the aromatic rings in this structure. A number of helical polymeric Ag(I) complexes have been reported in recent years. Silver nitrate complexes of six isomeric ligands, differing only in the substitution pattern within the central naphthalene unit, have been shown to have a variety of supramolecular architectures, including dimetallocyclophanes, linear coordination polymers and a single-stranded helicate. These results serve to highlight the subtle features that are involved in supramolecular isomerism and the difficulties associated with the understanding of self-assembly processes. 14 The control of supramolecular self-assembly remains one of the most challenging problems in chemistry.
Experimental
Melting points were determined using an Electrothermal melting point apparatus and are uncorrected. Elemental analyses were performed by the Chemistry Department, University of Otago, Dunedin.
Synthesis
The isomeric bis(2-pyridyloxy)naphthalenes were prepared as previously reported. 
2,3-Bis(2-pyridyloxy)naphthalene complex (6).
Reaction of 2,3-bis(2-pyridyloxy)naphthalene (30 mg, 0.095 mmol) dissolved in hot methanol (10 mL) with silver nitrate (24 mg, 0.14 mmol) in hot methanol (5 mL) gave a colourless solution. The solvent was removed under reduced pressure to give a white residue. The residue was redissolved in the minimum volume of hot methanol (~2 mL), into which was diffused diethyl ether to give 6 as a white microcrystalline material (31mg, 57%). 42.63; H, 2.45; N, 8.45. C 40 H 28 N 7 O 13 Ag 3 requires C, 42.21; H, 2.48; N, 8.61) . 1,5-Bis(2-pyridyloxy)naphthalene complex (7). Reaction of 1,5-bis(2-pyridyloxy)naphthalene (60 mg, 0.19 mmol) dissolved in acetone (15 mL) with silver nitrate (32 mg, 0.19 mmol) dissolved in water (5 mL) gave crude 6 as a pale brown solid (71 mg, 77%). Slow evaporation of an acetonitrile solution of 7 gave crystals suitable for single crystal X-ray structure determination. 49.68; H, 2.89; N, 8.75. C 20 H 14 N 3 O 5 Ag requires C, 49.61; H, 2.91; N, 8.68) . Table 1 Crystal data and X-ray experimental data for complexes 5, 7, 9 and 10.
1,3-Bis(2-pyridyloxy)naphthalene complex (8).
Reaction of 1,3-bis(2-pyridyloxy)naphthalene (30 mg, 0.095 mmol) dissolved in hot methanol (5 mL) with silver nitrate (32 mg, 0.095 mmol) in hot methanol (5 mL) gave a colourless solution. The volume was reduced to ~1 mL and vapour diffusion of diethyl ether into this solution furnished 8 as colourless crystals suitable for single crystal X-ray structure determination (31 mg, 67%). Mp 134-136°C (Found C, 49.37; H, 2.88; N, 8.72. C 40 1,7-Bis(2-pyridyloxy)naphthalene complex (10). Reaction of 1,7-bis(2-pyridyloxy)naphthalene (60 mg, 0.19 mmol) dissolved in hot methanol (5 mL) with silver nitrate (32 mg, 0.19 mmol) in hot methanol (5 mL) gave a colourless solution. The solvent was removed under reduced pressure to give an oily residue. The residue was redissolved in the minimum volume of hot methanol (~2 mL). Upon cooling this solution gave 10 as colourless crystals suitable for single crystal X-ray structure determination (76 mg, 82%). Mp 187-188°C (Found C, 49.50; H, 2.91; N, 8.64. C 20 H 14 N 3 O 5 Ag requires C, 49.61; H, 2.91; N, 8.68 ).
Crystal structure determination
The crystal data, data collection and refinement parameters are given in Table 1 . Measurements were made with a Bruker CCD area detector (or in the case of 7 a Siemens P4s fourcircle diffractometer) using graphite monochromatised Mo Kα (λ = 0.71073 Å) radiation. The intensities were corrected for Lorentz and polarisation effects and for absorption. The structures were solved by direct methods using SHELXS, 15 and refined on F 2 using all data by full-matrix least-squares procedures using SHELXL-97. 16 All non-hydrogen atoms were refined with anisotropic displacement parameters. 
